Genome editing facilitated by Cas9-based RNA-guided nucleases (RGNs) is becoming an increasingly important and popular technique for reverse genetics in both model and non-model species. So far, RGNs were mainly applied for the induction of point mutations, and one major challenge consists in the detection of genome-edited individuals from a mutagenized population. Also, point mutations are not appropriate for functional dissection of non-coding DNA. Here, the multiplexing capacity of a newly developed genome editing toolkit was exploited for the induction of inheritable chromosomal deletions at six different loci in Nicotiana benthamiana and Arabidopsis. In both species, the preferential formation of small deletions was observed, suggesting reduced efficiency with increasing deletion size. Importantly, small deletions (<100 bp) were detected at high frequencies in N. benthamiana T 0 and Arabidopsis T 2 populations. Thus, targeting of small deletions by paired nucleases represents a simple approach for the generation of mutant alleles segregating as size polymorphisms in subsequent generations. Phenotypically selected deletions of up to 120 kb occurred at low frequencies in Arabidopsis, suggesting larger population sizes for the discovery of valuable alleles from addressing gene clusters or non-coding DNA for deletion by programmable nucleases.
INTRODUCTION
Genome editing refers to the targeted modification of defined positions within a genome using site-specific nucleases. Nuclease-generated double-strand breaks are repaired by non-homologous end-joining (NHEJ) or, in the presence of a repair template, by homology-directed repair (HDR). Error-prone NHEJ commonly creates small genomic deletions or insertions leading to the potential inactivation of a gene product (knockout), while HDR can mediate the introduction of specific sequences (knock-in). Zinc finger nucleases were initially used as programmable nucleases for genome editing applications (Kim et al., 1996; Townsend et al., 2009) . A first genome editing revolution was then triggered by the invention of TALENs (Christian et al., 2010) . TALENs are fusions of the FokI nuclease domain to a DNA-binding domain derived from a TAL effector of plant pathogenic Xanthomonas bacteria. This DNA-binding domain consists of 34-amino acid repeat modules, which bind to DNA in a one repeat-one nucleotide manner. Nucleotide-specificity is conferred by two hypervariable amino acids at positions 12 and 13 in each repeat (Boch et al., 2009; Boch and Bonas, 2010) . Due to the catalytic properties of FokI, two TALENs binding a target sequence in appropriate spacing have to be co-expressed to allow dimerization of the nuclease and to generate DSBs (Christian et al., 2010) . TALENs binding virtually any sequence with high specificity can be constructed with relative ease (e.g. Geissler et al., 2011; Weber et al., 2011b; Liang et al., 2014) , and TALENs were used for modification of both model and crop plant genomes (e.g. Christian et al., 2013; Sosso et al., 2015; Clasen et al., 2016) .
Genome editing was further simplified by harnessing RNA-guided nucleases (RGNs) derived from bacterial CRISPR/Cas systems for induction of DSBs (for review, see Wiedenheft et al., 2012; Doudna and Charpentier, 2014) . The Cas9 (CRISPR-associated Protein 9) from Streptococcus pyogenes is the most commonly used nuclease, and is in the natural system directed to target sites by a chimeric RNA consisting of crRNA and tracrRNA (Jinek et al., 2012) . This chimeric RNA species can be collapsed into one molecule, the single-guide RNA (sgRNA; Jinek et al., 2012) . Cas9 target specificity can thus be reprogrammed by coexpression of different sgRNAs. The sgRNA directs Cas9 to target sites by complementary base-pairing, but target sites have to be flanked by a protospacer-adjacent motif (PAM; NGG for SpCas9) in order to be cleaved.
The Cas9 system has been adapted for use in many different plants systems ranging from algae and mosses to monocotyledonous and dicotyledonous plants (Jiang et al., 2014a; Belhaj et al., 2015; Bortesi and Fischer, 2015) . In most cases, Cas9-based nucleases are expressed in planta from an Agrobacterium-delivered T-DNA. This necessitates the construction of complex T-DNAs comprising multiple genes, which may represent a first challenge for potential users. Another challenge consists in the actual selection of mutants from a population of Cas9 and sgRNA (s)-expressing plants. So far, Cas9 was in plants mainly used for induction of point mutations at exemplary loci with associated mutant phenotypes (for review, see Belhaj et al., 2015; Bortesi and Fischer, 2015) . Here, a toolkit for extremely simple and efficient assembly of RGN-coding constructs was developed and employed for the generation of chromosomal deletions. Deletions of different sizes were induced at six independent loci in Nicotiana benthamiana and Arabidopsis, and mutant alleles were isolated either by associated phenotype or PCR screening. Our results show that large deletions up to 120 kb are feasible, but occur at low frequencies. In contrast, small deletions (<100 bp) can be induced with relatively high frequencies in both Arabidopsis and N. benthamiana, and provide a straightforward workflow for mutant identification.
RESULTS

Development of a streamlined toolkit for genome editing in dicotyledonous plants
The modular cloning principle and toolbox recently provided to the plant community as a synthetic biology 'starter kit' are at the basis of Dicot Genome Editing (pDGE) vectors developed here (Weber et al., 2011a; Engler et al., 2014) . Different types of vectors were generated for streamlined assembly of RGN-encoding constructs (Figure 1a and Table S1 ). The Agrobacterium-mediated transformation-compatible 'one step, one nuclease' vectors pDGE62-65 are designated for expression of a single sgRNA together with Cas9 and plant selectable marker (BASTA or kanamycin resistance). Assembly of an sgRNA transcriptional unit (TU) in pDGE62-65 is achieved in a single step by exchanging a ccdB negative selection cassette for two hybridized oligonucleotides in a simultaneous M1E  M1  M2  M2E  M3  M4  M4E  M5  M6  M7  M8E   TTGC GCTT  TTGC GCTT  TTGC CCCT  CCCT CGGT  CCCT GCTT  CGGT ATGG  ATGG GACT  ATGG GCTT  GACT TCCG  TCCG CCAG  CCAG CGAA  CGAA GCTT   overhangs restriction/ligation reaction using BpiI (BbsI; Figure 1b ). 'Recipient' vectors have a similar architecture as pDGE62-65, but are designated for multiplexing applications (Figure 1a) . In a two-step assembly, sgRNA TUs are first assembled in 'sgRNA shuttle vectors,' and subsequently mobilized into recipient vectors. The generation of an sgRNA TU in shuttle vectors is carried out as described for the one step, one nuclease vectors (Figure 1b) . Resulting sgRNA TUs are flanked by BsaI restriction sites, and generated overhangs vary between shuttle vectors (Figure 1a) . Arrays of two, four or eight sgRNA TUs can be assembled in any recipient plasmid by combining it with compatible derivatives of sgRNA shuttle vectors in a simultaneous restriction/ligation reaction using BsaI (Eco31I, Figure 1c ). For simplicity, shuttle vectors were named M1-M8 (for modules 1-8) according to their position in an sgRNA array, and modules closing the vector by ligation to the vector overhang received an additional 'E' (END; Figure 1b , c). Unique linker sequences were included in modules M1 and M5 to provide primer binding sites for sequence verification of sgRNA arrays ( Figure 1c and Appendix S1). Based on the same principle, also nickase recipient (pDGE76-79; equivalent to pDGE1-4, but incorporating Cas9 D10A) and transcriptional activator vectors ( Figure 1a ; incorporating dCas9 fused to a TAL activation domain) were generated. These materials are made available, but will not be described in detail here. sgRNA expression is driven by an Arabidopsis U6 promoter (pAtU6-26) in all vectors. The double 35S promoter (p35S) coupled with a nos terminator and the Ubi4-2 promoter from parsley (pPcUbi) coupled with an ocs terminator were employed for Cas9 expression in one step, one nuclease vectors and first generation recipient vectors (Figure 1a) . The 2 9 35S:Cas9 expression cassette and pPcUbi promoter were previously successfully used for genome editing in N. benthamiana and Arabidopsis, respectively (Belhaj et al., 2013; Fauser et al., 2014; Schiml et al., 2014) . The assembly of first generation recipient vectors integrated the Cas9 expression cassette as a level 1 module of the modular cloning system (Weber et al., 2011a; Engler et al., 2014) , allowing simple modification of promoter/terminator sequences. However, this assembly strategy depended on custom modules for the introduction of plant selectable markers, and was of limited flexibility (Figure S1a ). An improved assembly strategy ( Figure S1b ) was developed to accommodate additional modules in recipient vectors and achieve higher compatibility with the modular cloning system (Weber et al., 2011a; Engler et al., 2014) . Based on this development, second generation recipient vectors providing additional promoters for Cas9 expression and selectable markers were generated (Figure 1a) . The DD45 (AT2G21740) and INCURVATA2 (At5g67100) promoters were previously used for genome editing in Arabidopsis and might provide superior efficiencies or avoid the generation of chimeric mutant plants (Hyun et al., 2015; Wang et al., 2015; Mao et al., 2016) . Additionally to kanamycin and BASTA selection, second generation recipients also allow for hygromycin selection, and contain a 'fluorescence-accumulating seed technology' (FAST, Shimada et al., 2010) cassette in the T-DNA region. The FAST cassette mediates accumulation of RFP in the seed coat of various plant species, enabling for both positive and negative selection (Shimada et al., 2010) . Thus, non-transgenic seeds can be selected prior to screening (Gao et al., 2016) or once an intended lesion has been obtained to further simplify the selection of stable mutant lines from genome editing approaches. Second generation recipient vectors were developed as a possible enhancement of the pDGE series subsequent to first application. In the following, mainly first generation vectors will be used.
Strategies and efficiencies for assembly of RGN-coding constructs
The exchange of the ccdb negative selection cassette in shuttle vectors and one step, one nuclease vectors for hybridized oligonucleotides by restriction/ligation (using BpiI, Figure 1b ) takes place with high efficiency. Any negative clones obtained so far resulted from inaccuracies in oligonucleotide synthesis. Thus, vectors may also be used for screening applications in which libraries of unknown specificity nucleases are generated by cloning of degenerated guide sequences. Loaded shuttle vectors were used for the assembly of sgRNA arrays of different length in recipient vectors (Figure 1c) . Efficiency of assembly reactions of two (M1 + M2E) or four (M1-M3, M4E) sgRNA TUs was consistently above 90%. The assembly efficiency of sgRNA arrays comprising eight TUs (M1-M7, M8E) was markedly decreased, but remained >50%. Following a conservative cloning scheme ( Figure S2a ), constructs for expression of at least four sgRNAs can thus be assembled without any PCR steps in 5 days.
The high efficiencies of the Golden Gate assembly reactions, and the background-free cloning due to ccdBmediated counter selection at all stages, prompted us to test polyclonal plasmid preparations for assembly (Figure S2b) . Restriction/ligation reactions from loading shuttle vectors with hybridized oligonucleotides were transformed in E. coli and directly used for liquid cultures and plasmid isolation. Polyclonal plasmid preparations were used to assemble a construct with four different sgRNA TUs. No decrease in efficiency in comparison to a conservative assembly was observed. The 'polyclonal' approach reduces time needed for the generation of a multiplexing construct by 1 day. More importantly, this strategy mitigates inaccuracies in oligonucleotide synthesis, as final assembly products will differ in incorporated oligonucleotide sequences. Furthermore, pooling of restriction/ligation reactions from loading sgRNA shuttle vectors prior to transformation into E. coli and polyclonal plasmid isolation was tested in a 'fast track' assembly approach (Figure S2c) . More than 50% positive clones were obtained for assembly of an sgRNA array containing four TUs. However, the 'fast track' approach is of limited use, as individual sgRNA modules may not be reused in different assemblies.
Functional validation of nuclease constructs and effects of sgRNA and Cas9 dosage A 'GUS-out-of-frame' recombination reporter was employed to test functionality of our genome editing toolkit. A spacer sequence was inserted in the coding sequence of a p35S-driven ß-glucuronidase (GUS), shifting the GUS gene out of frame. Introduction of DSBs within the reporter's spacer and subsequent repair by NHEJ should, in some cases, re-establish the reading frame of the GUS gene ( Figure S3a ). Thus, GUS activity upon coexpression of reporter and a respective nuclease can be used as a quantitative readout for nuclease activity. Agrobacterium-mediated transient expression of the GUS-out-of-frame reporter in N. benthamiana resulted in little to no GUS activity, as expected ( Figure S3b ). Enhanced GUS activity was detected upon co-expression of the reporter with paired TALENs targeting the reporter's spacer ( Figure S3b) , suggesting that the GUS-out-of-frame reporter is suitable to monitor in planta nuclease activity.
Derivatives of pDGE62-65 and pDGE144-165 containing sgRNA1 (Table 1) for targeting of the reporter were transiently expressed, alone or in combination with the GUSout-of-frame reporter, in N. benthamina leaf tissue. No or weak GUS activity was detected upon expression of RGNs or the reporter alone ( Figure S4 ). Also, GUS activity did not exceed background level when Cas9 expression was driven by tissue-specific promoters (pDD45, pICU2). This suggests maintenance of expression patterns of these promoters in N. benthamiana transient assays. In contrast, strong GUS staining was obtained when Cas9 was expressed under control of the constitutive p35S and pPcUbi promoters in both vector sets ( Figure S4 ). Thus, nucleases expressed from both one step, one nuclease and second generation recipient constructs are functional. In planta nuclease activity might be limited by availability of Cas9 protein and/or sgRNA. A possible sgRNA dosage effect was tested by increasing copy number of sgRNA1 in derivatives of pDGE1 (p35S:Cas9). As a control, a nuclease construct containing eight copies of sgRNA6 (Table 1) targeting an N. benthamiana endogeneous locus was generated. In quantitative GUS measurements, low activity defining the background level was detected upon expression of either the nuclease containing eight sgRNA1 copies alone, the reporter alone, or the reporter together with the control nuclease containing sgRNA6 (Figure 2a ). GUS activity was significantly enhanced upon co-expression of the reporter with a nuclease construct containing one copy of sgRNA1, as previously observed in qualitative GUS staining assays (Figures 2(a) and S4). With increasing sgRNA1 copy numbers, GUS activity was further enhanced (Figure 2a ), suggesting that sgRNA abundance is one limiting factor for in planta nuclease activity at least in reporterbased assays. Furthermore, a respective sgRNA might be titrated out of the Cas9 complex by provision of additional sgRNAs in multiplexing applications. Nuclease constructs containing a single TU coding for sgRNA1, but additionally one, three or seven TUs coding for sgRNA6 were coexpressed with the GUS reporter ( Figure 2a ). GUS activity was not altered by expression of sgRNA6. The same constructs were tested in a reciprocal experiment using a GUS reporter for sgRNA6 activity (Figure 2a , inset). GUS activity was enhanced upon co-expression of Cas9 and sgRNA6, and activity increased with sgRNA6 copy number, confirming activity of sgRNA6. Taken together, these results suggest that eight or more loci can be targeted in multiplexing applications without reduction of nuclease activity at a given target site. The functionality of sgRNAs expressed from different positions in an sgRNA array was tested by placing the reporter-targeting sgRNA1 at any possible position, while all other positions were occupied by sgRNA6 TUs (Figure 2b) . A similar enhancement of GUS activity was measured upon co-expression of all nuclease constructs with the GUS reporter, indicating that any position within an sgRNA TU array provides comparable genome editing activity. Finally, promoters for Cas9 expression were compared in quantitative nuclease activity assays ( Figure 2c ). Higher GUS activity and thus higher nuclease activity was obtained when using p2x35S in the N. benthamiana system. However, an amplification of nuclease activity by increasing sgRNA abundance was also detectable when using pPcUbi ( Figure 2c ). In planta nuclease activity is thus determined by both sgRNA and Cas9 abundance.
Generation of chromosomal deletions in Nicotiana benthamiana
Stable, inheritable chromosomal deletions of~50-100 bp were previously generated in tomato, and~1-kb deletions were induced at the ABP1 locus in Arabidopsis using Cas9-based nucleases (Brooks et al., 2014; Gao et al., 2016) . However, information for other species or about size (a) Effect of sgRNA dosage on in planta nuclease activity. Nuclease constructs containing varying copy numbers, as indicated, of reporter-targeting sgRNA1 or sgRNA6 (targeting an N. benthamiana endogenous locus) were co-expressed with the GUS-out-of-frame reporter in N. benthamiana. GUS activity was quantitatively determined at three dpi, normalized to total protein amounts, and expressed in relative units by arbitrarily setting GUS activity of the reporter alone to 1. Standard deviation of four biological replicates is shown, and letters indicate statistically significant differences (analysis of variance (ANOVA), Tukey's Post-hoc test, P < 0.01). The inset shows a reciprocal experiment, where the same constructs were coexpressed with a reporter targeted by sgRNA6.
(b) Functionality of sgRNA TUs within an sgRNA array. Nuclease constructs containing eight sgRNA TUs were expressed as in (a). Each construct contained seven copies of sgRNA6 and a single copy of sgRNA1. biases for chromosomal deletions is to our knowledge so far missing. We made use of the simple and extensive multiplexing capacities of our genome editing toolkit to explore the generation of chromosomal deletions first in N. benthamiana. Three different nuclease constructs based on pDGE1 (p2x35S, nptII) and each containing four sgRNA TUs were generated. sgRNAs were designed for targeting of the immune regulatory genes EDS1 and PAD4. EDS1-family genes additionally including SAG101 encode essential regulators of plant innate immunity mediated by a subclass of nucleotide-binding/leucine-rich repeat-(NLR) type immune receptors containing an N-terminal Toll-Interleukin 1 receptor (TIR) domain (Feys et al., 2001 (Feys et al., , 2005 Wagner et al., 2013) . The N. benthamiana genome contains two plausible EDS1 orthologues, which we termed NbEDS1a and NbEDS1b (Table S2 ). In the following, only NbEDS1a will be analyzed. NbPAD4 is encoded by a single gene (Table S2 ).
The four sgRNAs incorporated in each construct all targeted the same locus, and were designed two either generate small deletions (~100 bp) in pairs, or to generate larger deletions by cleavage of the outmost target sites (Figure 3a) . Thus, the occurrence of small and large deletions can be analyzed in transformants originating from a single construct. pDGE30 (sgRNAs 2-5) targeted NbEDS1, while pDGE38 (sgRNAs 6-9) and pDGE80 (sgRNAs 10-13) targeted NbPAD4 ( Figure 3a and Table 1 ). Functionality of nucleases was first tested in transient expression experiments and using the amplified fragment length polymorphism (AFLP) assay (Belhaj et al., 2013) . The AFLP assay depends on detection of recombination products from paired nuclease activity by PCR using primers flanking the region targeted for deletion. Additional amplicons of the expected size were detected upon expression of pDGE30 and pDGE80 when querying for the generation of small deletions through cleavage of adjacent target sites (Figure 3b ). On the same samples, no additional amplicons were detected when using outmost primers for detection. The activity of nucleases encoded by pDGE38 could not be detected.
Activity-confirmed nuclease constructs pDGE30 and pDGE80 were stably transformed into wild type N. benthamiana. Two independent plants transgenic for pDGE30 were genotyped for potential deletions. One plant apparently contained a deletion in exon 2 (Figure 3c ), and band intensities suggested it was most likely heterozygous for the deletion. Sequencing of the smaller amplicon revealed that it corresponded to a 97-bp deletion in the second exon of NbEDS1a (Nbeds1a-1, Figure 3d ). T 1 seedlings originating from the Nbeds1a-1 candidate plant were genotyped, and the Nbeds1a-1 deletion segregated as a Mendelian trait in this generation (Figure 3e ). Upon transformation of pDGE80, 24 regenerated plants originating from 11 independent calli were obtained. None of the plants contained the deletion targeted by sgRNAs 12 and 13, but three p l a n t 1 p l a n t 2
AATCCCCGGAATTATCAGCACGAGGTAGT--67 bp --AGTTATGCTGCATGTAATCTGAAAGGA independent transgenics homozygously carried a deletion in exon 2 of NbPAD4 targeted by sgRNAs 10 and 11 (Figure 3f) . Sequencing of amplicons revealed a bi-allelic deletion in plant 1 and a mono-allelic deletion in plant 4 (Figure 3g ). T 1 seedlings were genotyped for two candidate homozygous deletion lines. The wild type NbPAD4 allele could not be detected, demonstrating that mutations were germline-transmitted. Taking transformations of pDGE30 and pDGE80 together, 13 independent transgenic lines were genotyped. Although lines carrying small deletions could be recovered even in the homozygous state in T 0 , as previously described for tomato (Brooks et al., 2014) , no line carrying a larger deletion by cleavage of external sgRNA targets was recovered. Since the functionality of all nucleases was shown via transient AFLP assays, this suggests reduced likelihood of larger deletions.
Genome editing at a complex resistance gene locus in Arabidopsis
The DM2 Figure 4a ) most homologous to RPP1 conferring resistance to different isolates of the oomycete pathogen Hyaloperonospora arabidopsidis (Hpa) (Botella et al., 1998; Rehmany et al., 2005) . Ler dm2h-1 Four different genome editing constructs for targeting of the DM2 cluster were generated. pDGE142 (sgRNAs 22-25) and pDGE143 (sgRNAs 14-17) were based on pDGE4 (pPcUbi, BASTA) and designed to target two deletions each in DM2c and DM2h, respectively ( Figure 4a and Table 1) . Two further constructs, pDGE89 and 90, were designed for deletion of the entire 120 kb region non-syntenic between Arabidopsis accessions Col and Ler and containing the DM2 cluster (Figure 4a ). Constructs contained the same sgRNAs (18-21; Table 1 ), but differed in promoters driving Cas9 expression (p35S in pDGE89 or pPcUbi in pDGE90). sgRNAs for directing Cas9 to two sites at each flank of the targeted region were incorporated to potentially increase the frequency of large deletions (Figure 4a ). Constructs were transformed into Ler old3-1 mutant plants, cultivated at 28°C to suppress old3-1-associated seedling lethality. T 1 transgenic plants were further BASTA-selected at 28°C, and propagated to obtain T 2 pools composed of five T 1 plants.
CGGCTAAGCAATCTGATATGTGG-705 bp -CCATCCTT-T-CACCATTCTAATGGA-1.3 kb -GGACAAAAGCACCCAAA---------------------------------------------------TGCTGG
The DM2h locus necessary for mediating old3-1-induced autoimmunity (Stuttmann et al., 2016) was targeted in pDGE143-transgenic plants. When cultivated at 22°C, approximately 5-10% of T 2 seedlings were non-necrotic, representing candidate lines carrying at least one inactivating dm2h allele ( Figure S5a ). Further shifting plants to 18°C selected for homozygous dm2h mutant lines, which occurred at a frequency <10% among the dm2h candidate lines ( Figure S5a) . BASTA was brush-applied to rosette leaves of surviving, putative homozygous dm2h candidate lines, and six BASTA-sensitive (non-transgenic) lines were genotyped. Only one of these contained a PCR-detectable deletion (between sgRNA 14 and 17 target sites, Figure 4b ). An additional point mutational allele was sequenced, revealing a single nucleotide insertion (Figure 4b) . Both dm2h lines were mono-allelic, indicating that mutations were most likely present in the T 1 germline, and became homozygous in the T 2 generation. Survival at ambient temperatures was also used to screen for mutant lines containing a deletion encompassing the entire DM2 cluster from T 2 pools transgenic for pDGE89 and pDGE90. Rescued seedlings were obtained at a frequency of~0.5% from pDGE90-derived, but not pDGE89-derived T 2 pools ( Figure S5b) . Four plants from different T 2 pools were randomly chosen for genotyping (Figure 4c) . A PCR product corresponding to the deletion of the targeted 120 kb region was obtained in all cases, but differed in size. Sequencing revealed that size differences originated from either cleavage of the outer sgRNA18 and sgRNA21, or sgRNA19 and sgRNA21 targets (Figure 4d ). Additional PCRs querying the presence of the wildtype DM2
Ler locus showed that lesions were heterozygous in deletion lines (Figure 4c, lower panel) . Non-necrotic, putatively homozygous Ddm2 deletion lines were phenotypically isolated from segregating T 3 populations ( Figure S5c ), BASTA-sensitive individuals selected, and genotypes confirmed for two T 4 families (Figure 4e ). Putative dm2c mutant lines were selected by PCR screening approximately 150 pDGE142-transgenic T 2 plants cultivated under permissive conditions (28°C). No deletions from cleavage of sgRNA22/23 targets were obtained. However, lines containing an~40-bp deletion derived from cleavage of sgRNA24/25 target sites were obtained at a frequency of 2.7% in the homozygous state, and 8% in the heterozygous state (Figure 4f ). Again, transgene-free homozygous deletion lines were successfully selected in T 3 , and molecular lesions were analyzed for two independent lines (Figure 3g) . Both lines contained the PCR-selected,~40 bp deletion, and also additional point mutations from cleavage of the sgRNA23 target site. Taken together, these results suggest that in Arabidopsis: (i) point mutations occur with higher frequency than deletions targeted by paired nucleases, (ii) Cas9-induced deletions mainly occur in T 2 when using pPcUbi:Cas9, (iii) small deletions (here 40 bp) may occur at~10% frequency among T 2 plants, (iv) relatively large chromosomal deletions (here 120 kb) are feasible, but occur at lower frequencies, and (v) Ubiquitin Promoter-driven Cas9 appears more suitable than p35S-driven Cas9.
Deletion of the tandem EDS1 locus in Arabidopsis accession col
The performance of pPcUbi:Cas9 in comparison to p35S: Cas9 was again tested using the EDS1 locus as target. Accession Col contains two functional EDS1 copies encoded by At3g48080 and At3 g48090 (Figure 5a) , and a Col eds1-2 line was generated by introgression of the eds1-2 allele from accession Ler (Bartsch et al., 2006; Zhu et al., 2011) . This line was instrumental for genetic analyses in the standard Col accession. However, it also contains the DM2 Ler cluster, which may produce unexpected interference upon reestablishment of EDS1 activity in transgenic plants (Stuttmann et al., 2016) . The Col EDS1 locus was targeted for deletion by two constructs containing sgRNAs 26-29 (Table 1) , and either p35S-driven (pDGE91) or pPcUbi-driven (pDGE92) Cas9. Constructs were transformed into Col wild type plants, primary transformants selected by BASTA resistance, and 15 T 2 pools corresponding to~130 T 1 plants composed for each transformation. From T 2 pools, 60-70 seedlings were screened for putative eds1 mutant plants by infection with Hpa isolate Cala2. Resistance to Hpa Cala2 in Col is EDS1-dependent, and mediated by the TIR domain-containing immune receptors RPP2a/b (Sinapidou et al., 2004) . None of the seedlings from transformation of pDGE91 (p35S:Cas9) was scored as Hpa Cala2 susceptible, but four plants from two independent pDGE92 T 2 pools were selected as potential eds1 mutants. The expected~5-kb deletion was detected in three eds1 candidate lines (Figure 5b, upper panel) . The wild type EDS1 locus was not detected in lines containing the deletion, suggesting they were homozygous (Figure 5b, lower panel) . Sequencing of deletion alleles from two eds1 candidate lines revealed mono-allelic deletions encompassing the region flanked by sgRNA 26 and 28 target sites, while the sgRNA 29 target site remained intact in both lines (Figure 5c ). A Col eds1-12 mutant line not containing the pDGE92 transgene was selected in the T 3 generation, and seedlings were infected with Hpa Cala2 (Figure 5d ). Col eds1-12 seedlings were fully susceptible, and indistinguishable from the previously characterized Col eds1-2 introgression line, confirming germline transmission of the deletion allele. With eds1 being fully recessive, phenotypic screening for Hpa (Cala2) susceptibility fails to detect heterozygous deletion lines. From PCR screening 230 individuals originating from six pDGE92 transformation-derived pools, either homo-or heterozygous deletion alleles were estimated to occur in~10% of T 2 (Figure 5e ). However, actual frequencies might be lower, as stable, germline-transduced alleles may be confounded with somatic genome editing events occurring in leaf tissues used for DNA preparation. (a) chromosomal deletions were obtained at two independent loci when using pPcUbi-driven Cas9, but not p35S-driven Cas9. Deletions apparently occurred at low frequencies in the T 1 generation, and became more frequent in T 2 . Overall, the generation of chromosomal deletions not only provides a scheme for simple, PCR-based mutation identification, but also represents a feasible approach to overcome genetic redundancy or for functional dissection of non-coding DNA.
DISCUSSION
Strategies for assembly of RGN-coding constructs may include several PCR steps, combine different cloning strategies or rely on additional DNA modules such as destination vectors, thus adding variability and complexity (e.g. Lowder et al., 2015; Ma et al., 2015; Zhang et al., 2015; Mao et al., 2016) . The presented pDGE toolkit sacrifices some flexibility, but enables for extremely simple and fast assembly of RGN-coding constructs by Golden Gate cloning. Only hybridized oligonucleotides are required as 'external' components, while all other DNA modules are part of the toolkit (Figure 1 ). Construction of second generation recipients showed how novel components and functionalities can be adapted for the 'preassembled recipient' strategy (Figures 1 and S1 ). Arrays of two, four or eight sgRNA TUs may be assembled using sgRNA shuttle vectors. Arrays of different length can be constructed by providing suitable end-linkers in assembly reactions (Weber et al., 2011a) . A detailed manual for the assembly of RGN constructs is provided (Appendix S1), and plasmids can be obtained via Addgene (www.addgene.org) (kit # 1000000084) or through us. Currently, functionality was only tested in N. benthamiana and Arabidopsis. However, functionality of pAtU6 (for driving sgRNA expressions) as well as pPcUbi and p35S (for driving Cas9 expression) in many dicotyledonous plant species can be assumed. We made use of the simple and efficient multiplexing capacity of our system to assemble multiple constructs incorporating four sgRNA TUs for the generation of chromosomal deletions. sgRNA target sites addressed by individual constructs were mostly chosen for the generation of either two small deletions by cleavage of nearby target sites, or larger deletions by cleavage of more distant target sites at the same locus (e.g. Figure 3a) . In both N. benthamiana and Arabidopsis, mainly occurrence of small deletions (<100 bp) was observed, and in only one case, more distant sites were cleaved to generate a large deletion (dm2h-1, Figure 4b) . Also, phenotypically selected deletions of 5 kb (AtEDS1) and 120 kb (AtDM2) occurred at low frequencies (below 1%), while small deletions were obtained at frequencies around 10% (AtDM2c) by PCR screening. Taken together, this suggests a reduction in the efficiency of deletion induction with increasing deletion size. However, a correlation between deletion size and frequency was not consistently observed in animal cells (Xiao et al., 2013; Canver et al., 2014; He et al., 2015) , and frequencies might strongly depend on sgRNA activity rather than deletion size also in plant systems. In either case, the applied strategy of incorporating multiple sgRNAs in constructs for targeting of a single locus proved extremely valuable, as in most cases, only one of several possible deletions was obtained. Negative effects were not observed among Cas9-transgenic lines, indicating that unspecific cleavage at off-target sites is most likely not a major problem in plants. Thus, extensive multiplexing may not only be used for generation of higher order mutants, but also to increase mutation frequencies at single loci to reduce transformation and screening efforts.
Mainly point mutational alleles were obtained when phenotypically screening for inactivating alleles at the DM2h locus, corroborating lower frequencies of deletions in comparison to cleavage and repair events at single target sites. However, phenotypical selection is generally neither possible nor desired. In these cases, the induction especially of small chromosomal deletions provides a simple and straightforward workflow for the selection of mutant lines in genome editing approaches. Minor differences between wild type and deletion allele, as induced here at NbEDS1a, NbPAD4 and AtDM2c, should generally not perturb PCR stoichiometry, and allow faithful selection of hetero-or homozygous deletion lines from simple PCR screening. Confounding of recombination events occurring in populations of somatic cells with germline-transmitted alleles present in all cells only becomes problematic when targeting larger regions for deletion (Figure 5e ). Deletion alleles are also convenient for downstream genetic analyses. Although high resolution melting analysis or dCAPS markers can be used to detect virtually any SNP (single nucleotide polymorphism) in segregating populations, for example identification of an N. benthamiana eds1 pad4 double mutant line, which was obtained at a frequency of 1/192 only, was simplified by the availability of size polymorphism markers for mutant alleles.
The RNA polymerase III (RNAP III)-transcribed U6/U3 promoter systems are most commonly used for the expression of sgRNAs in both animal and plant cells, as U6/U3 transcripts are not capped or polyA-tailed, are not exported from nuclei, transcription start sites are clearly defined, and a simple T stretch (≥6 Ts, Nielsen et al., 2013) is sufficient as termination signal. Our strategy for the expression of multiple sgRNAs consisted in repeated U6-driven TUs identical to each other with the exception of the specificity-determining, variable guide sequence (Figure 1) . Transient, recombination reporter-based assays indicated strong dependency of nuclease activity on sgRNA abundance, limited by the expression level of U6-driven sgRNAs (Figure 2a) . However, it remains unclear whether nuclease activity at endogenous loci is similarly affected by sgRNA abundance. Also, limited nuclease activity might enhance Cas9-specificity (Fu et al., 2013; Hsu et al., 2013) . Importantly, repetitive sgRNA expression units were not prone to silencing, as constructs were successfully used for the generation of multiple mutant lines, and mutations most likely occurred mainly in the T 2 generation in Arabidopsis. Thus, technically more demanding sgRNA expression systems bear valuable alternatives for specific applications as e.g. tissue-specific sgRNA expression (Gao and Zhao, 2014; Nissim et al., 2014; Xie et al., 2015) , but efficient multiplexing is also achieved by clustering sgRNA TUs. In reporter-based assays, eight sgRNAs could be expressed without detectable reduction of nuclease activity at a given target site (Figure 2a) , suggesting extensive multiplexing capacities also for the targeting of endogeneous loci.
Various RNAP II promoters were previously reported as functional for driving Cas9 expression in genome editing applications (e.g. Gao et al., 2015; Hyun et al., 2015; Wang et al., 2015; Mao et al., 2016 ) (see Bortesi and Fischer, 2015 for review). The 2x35S promoter was highly efficient in transient, reporter-based assays in comparison to the PcUbi promoter, and was also highly efficient for the generation of stable deletion mutants in N. benthamiana (Figures 2 and 3) . However, in two independent cases, deletion mutants could here be generated in Arabidopsis when using pPcUbi-driven, but not p35S-driven Cas9 in otherwise identical constructs. 35S:Cas9-mediated genome editing in Arabidopsis was previously reported (e.g. Feng et al., 2013; Jiang et al., 2014b) , but direct comparison suggests reduced efficiency of this promoter. The egg cell-specific DD45 promoter for driving Cas9 expression was recently reported to induce homozygous mutants at high frequency in the T 1 generation (Wang et al., 2015) , and was therefore incorporated in Cas9 units of second generation recipient vectors (Figure 1a) . However, systematic comparison of promoters for Cas9 expression with unified target loci and selection schemes will be necessary to identify optimal Cas9 expression systems for genome editing in Arabidopsis in the future.
Besides sgRNA and Cas9 expression systems, choice of target sites and design of sgRNAs in perspective to the selection of mutant lines represent critical parameters for genome editing approaches. Among the 29 sgRNAs used in this study, we clearly observed differences in activity, with for example sgRNAs 10/11 efficiently inducing recombination events at the NbPAD4 locus, but sgRNAs 6-9 not at all (Figure 3b ). To date, no sgRNA design rules for plant systems are available, but predictive models for sgRNA on-target efficiency were deduced in an animal system (Doench et al., 2014 (Doench et al., , 2016 . Although with a limited dataset at hand, we considered whether design rules for highly efficient sgRNAs might explain variable nuclease activities observed here. Indeed, sgRNA pairs 6/7 and 8/9, for which no activity was detected, both contained an unfavorable target site (Table 1) , and target sites for highly active sgRNAs 10/11 scored ≥0.3. However, sgRNA pair 2/3 and 4/ 5 targets also consistently obtained scores ≥0.3, but sgRNAs did not induce recombination with efficiencies comparable to sgRNA 10/11 (Table 1 and Figure 3b) . Also, sgRNA 28/29 target site scores were highly similar, but only cleavage of sgRNA28 was observed (Figure 5c ). Thus, there is no strict correlation between high in planta activity and predicted activity. Future studies will help to confirm or define sgRNA design guidelines for plant systems, facilitating more informed target site selection.
EXPERIMENTAL PROCEDURES
Construction of pDGE1-4 vectors
Full lists of plasmids and oligonucleotides used in this study are provided in Tables S1 and S3 . Annotated vector sequences are provided as multi-record GenBank file in Appendix S2. If not further indicated, all pICH/pAGM/pICSL plasmids originate from the Plant Modular Cloning Toolbox (Engler et al., 2014) . PAT and nptII plant selectable marker cassettes were amplified from pAM-PAT (Genbank: AY436765.1) and pGWB5 (Nakagawa et al., 2007) , respectively, using oligonucleotides JS584/688, and fragments cloned into pUC57-BsaI by an SmaI cut/ligation, yielding pJOG32 (PAT) and pJOG33 (nptII). A BsaI recognition site within the ccdB gene of pDON207 (www.thermofisher.com) was eliminated using JS691/692. The resulting derivative, pDON207-BsaI, was used as template to amplify a ccdB-Cm R (Cm R -chloramphenicol resistance, cat) cassette using JS694/695. The resulting PCR product was cloned into pUC57-BsaI by EcoRV cut/ligation, yielding pJOG34. Golden Gate modules encompassing the Cas9 CDS (pICH41308::hCas9, Addgene #49770) as well as a 2xp35S:Cas9-tnos (pICH47742::2x35S-5 0 UTR-hCas9(STOP)-NOST, Addgene #49771) (Belhaj et al., 2013) were obtained from Addgene. The parsley Ubi4-2 promoter, pPcUbi , was amplified from parsley genomic DNA using JS834/835, and cloned into pICH41295 by BpiI cut/ligation, yielding pJOG20. pPcUbi (pJOG20), Cas9 (pICH41308::Cas9) and the ocs terminator (tocs, pICH41432) were combined in pICH47742 by BsaI cut/ligation, yielding pJOG30. pICH47742::2x35S-5 0 UTR-hCas9(STOP)-NOST, pJOG34 and either pJOG33 or pJOG32, and pJOG30, pJOG34 and either pJOG33 or pJOG32 were assembled in the pVM_BGW vector backbone (Schulze et al., 2012) , a derivative of pBGWFS7 (Karimi et al., 2002) , to create pDGE1-4, respectively. Assembly was carried out by BsaI/BpiI cut/ligation, followed by a cycle of ligation ( Figure S1a) , and a final digestion of the ligation reaction using XbaI to digest unincorporated pJOG34.
Construction of sgRNA shuttle vectors
A fragment encompassing the AtU6 promoter, a guide sequence and the sgRNA scaffold was synthesized (Integrated DNA Technologies, Leuven, Belgium) and used for amplification AtU6 promoter and sgRNA scaffold using oligonucleotides JS775/776 and JS779/780. A ccdB-CmR cassette was amplified using JS777/778 and pDON207-BsaI as template. The three PCR fragments were diluted, mixed and used as template for SOE PCRs for individual shuttle vectors using oligonucleotides indicated in Table S3 . PCR products were cloned into pUC57-BsaI by EcoRV cut/ligation. To generate pDGE012 (M5), PCR fragments generated as previously using JS793/794 and generated with JS791/792 on Arabidopsis genomic DNA were fused by BsaI cut/ligation and used as template for PCR with JS791/794. The amplicon was cloned into pUC57-BsaI by EcoRV cut/ligation. To generate pDGE005 (M1), a linker sequence was amplified from Arabidopsis genomic DNA using JS781/782, the AtU6 promoter was amplified using JS783/ 776, PCR fragments were diluted, mixed as previously, used as template for PCR with JS781/784, and the amplicon was cloned into pUC57-BsaI by EcoRV cut/ligation.
Construction of pDGE62-65 vectors
A BpiI recognition site in pVM_BGW was mutagenized by amplification with JS704/705, followed by BpiI cut/ligation. The resulting pVM_BGW-BpiI backbone was used for assembly of pDGE62-65 from pICH47742::2x35S-5 0 UTR-hCas9(STOP)-NOST, pDGE006 and pJOG33 or pJOG32, and pJOG30, pDGE006 and either pJOG33 or pJOG32, respectively, by BsaI/BpiI cut/ligation, followed by a cycle of ligation and a final restriction with XbaI.
Construction of pDGE144-165
pJOG292 was constructed by combining the vector backbone (PCR JS1028/1029 on pVM_BGW-BpiI) and a lacZ fragment (PCR JS1030/1031 on pICH41264) in a BsaI cut/ligation reaction. A ccdB negative selection cassette (PCR JS1032/1033 on pDGE1) was subcloned into pUC57-BsaI by EcoRV cut/ligation. Promoter fragments were amplified from Arabidopsis DNA (DD45-JS1074/1075; ICU2-JS1055/1056) and cloned into pICH41295 by BpiI cut/ligation to yield pJOG301 and pJOG298, respectively. The Pro+5U modules were used for assembly of pJOG323 and pJOG326 in pICH47742. The FAST cassette from the Modular Cloning Plant Parts (Engler et al., 2014) was used as level 1-3f module (pJOG304). pDGE144-165 were assembled by BpiI cut/ligation ( Figure S1b ).
Construction of pDGE76-79
Annealed oligonucleotides JS910/911 were used in a BsaI/ EcoRV cut/ligation reaction with pICH41308::Cas9. After denaturing, the reaction was supplemented with fresh ATP, DTT, Ligase and EcoRV to obtain pJOG58. pJOG69 (2x35S:Cas9 (D10A)-tnos) and pJOG70 (pPcUbi:Cas9(D10A)-tocs) were assembled in pICH47742 with pJOG58, pICH51288, pICH41421, pJOG20 and pICH41432 by BpiI cut/ligation. pDGE76-79 were assembled from pJOG69/70 and pJOG32, pJOG33 and pJOG34 as described for pDGE1-4.
Construction of pJOG250-253
An N863A mutation was introduced into the Cas9 CDS in pJOG58, the insert amplified (JS912/913) and cloned into pAGM1287 by BpiI cut/ligation to yield pJOG60. A fragment coding for the C-terminus of Hax3 (AY993938) was amplified (oligonucleotides CTH3-GG-Jo-F/R) and subcloned into pPCR-Blunt, yielding pJOG241. pJOG242 was assembled from pJOG60, a Ser-Gly linker (oligonucleotides JS914/915 subcloned in pPCR-Blunt), pJOG241, pICH51277 and pICH41414 in pICH47742. pJOG250-251 and pJOG252-253 were constructed from pJOG242, pJOG32, pJOG33, pJOG34 and pDGE6 as described for pDGE1-4 and pDGE62-65, respectively.
Assembly of nuclease constructs
sgRNAs as indicated in Table 1 were cloned into sgRNA shuttle vectors, and derivatives were subsequently used for assembly of nuclease constructs (pDGE30, 38, 80, (89) (90) (91) (92) (142) (143) as described in Appendix S1.
Construction of the GUS-out-of-frame recombination reporter and TALENs
The ß-glucuronidase coding sequence was amplified from pGWB3 (Nakagawa et al., 2007) using oligonucleotides GUS_TALE-N_Ax7LR-F and pTALENgus-R, and the resulting PCR product was cloned into pENTR/D TOPO (www.thermofisher.com) as according to the manufacturer. The GUS-out-of-frame insert was subsequently mobilized into pGWB2 (Nakagawa et al., 2007) by LR reaction, yielding pMR006. TALENs were assembled as previously described (Richter et al., 2014) .
Agrobacterium-mediated expression, AFLP and GUS assay
Constructs were electroporated into Agrobacterium strain GV3101 pMP90 and grown on YEB medium. For transient expression, plategrown bacteria were resuspended (OD 600 = À0.6) in Agro infiltration medium (AIM; 10 mM MES pH 5.7, 10 mM MgCl 2 ). Solutions were syringe-infiltrated. DNA was extracted by CTAB method at three dpi for AFLP assays. For qualitative GUS staining, leaf discs were collected three dpi, stained in GUS staining solution, destained with Ethanol, briefly rehydrated and dried in cellophane. For quantitative GUS assays, two leaf discs (9 mm diameter) were harvested per replicate, frozen in liquid nitrogen and lysed in a mixer mill. Tissue powder was resuspended in 300 ll GUS extraction buffer (50 mM NaH 2 PO 4 /Na 2 HPO 4 pH7, 10 mM EDTA, 0.1% SDS, 0.1% Triton X-100) and samples cleared by centrifugation. 10 ll were mixed with 90 ll extraction buffer containing 5 mM 4-methylumbelliferyl-beta-D-glucuronide (4MUG), incubated for 1 h, reactions stopped adding Na 2 CO 3 , and 4MU production measured on a Tecan Plate Reader against a series of 4MU standards. 4MU production was normalized against total protein amounts of the same samples determined by Bradford assay (Roti-Quant, www.carlroth.com) as according to the manufacturer.
Plant growth conditions and infection assays
N. benthamiana plants were cultivated in a greenhouse with 16 h light period, 60% relative humidity at 24/20°C (day/night). A. thaliana wild type accessions Columbia and Landsberg erecta, and the previously published Ler old3-1 (Tahir et al., 2013) and Col eds1-2 (Bartsch et al., 2006) mutants were used. Arabidopsis plants were grown under short day conditions at 23/21°C and with 60% relative humidity or in a greenhouse under long day conditions. For suppression of autoimmunity, plants germinated under short day conditions (7 days) before transfer to 28/26°C (day/ night). Hpa infection assays were done as previously described (Wagner et al., 2013) .
sgRNA design CRISPR-P (Lei et al., 2014) , CasOT (Xiao et al., 2014) and the sgRNA designer tool (Doench et al., 2014) were used for selection of sgRNAs.
Research Centre (CRC) SFB 648. MR and JStr were supported by a grant from the Deutsche Forschungsgemeinschaft (BO 1496/8-1 to JB), a grant from the European Regional Development Fund of the European Commission to JB, and by the COST action FA1208 'SUSTAIN'. The authors do not declare any conflict of interest.
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. Figure S1 . Scheme for assembly of first and second generation recipient vectors. Figure S2 . Strategies and use of polyclonal DNA preparations for the assembly RGN-coding constructs. Figure S3 . Design and functionality of the GUS-out-of-frame recombination reporter. Figure S4 . Functional validation of one step, one nuclease and second generation recipient plasmids in transient reporter assays. Figure S5 . Phenotypic isolation of candidate dm2h and dm2 mutant plants. Table S1 . Plasmids used in this study. Table S2 . Sequences of N. benthamiana EDS1 and PAD4 orthologues. Table S3 . Oligonucleotides used in this study.
